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1
MAGNETIC MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

Korean Patent Application No. 10-2020-0062603, filed on
May 25, 2020, in the Korean Intellectual Property Oflice,
and entitled: “Magnetic Memory Device,” 1s incorporated
by reference herein in 1ts entirety.

10
BACKGROUND

1. Field

: : : 15
Embodiments relate to a magnetic memory device.

2. Description of the Related Art

As the demand for electronic devices with increased
speed and/or reduced power consumption increases, the
demand for semiconductor memory devices with Tfaster
operating speeds and/or lower operating voltages 1s also
increasing. A magnetic memory device has been considered
to satisiy such a demand. The magnetic memory device may -5
provide technical advantages, e.g., high speed and/or non-
volatility, and the magnetic memory device 1s emerging as a
next-generation memory device.

20

SUMMARY 30

The embodiments may be realized by providing a mag-
netic memory device including a lower electrode on a
substrate; a conductive line on the lower electrode; and a
magnetic tunnel junction pattern on the conductive line, 35
wherein the conductive line includes a first conductive line
adjacent to the magnetic tunnel junction pattern; a second
conductive line between the lower electrode and the first
conductive line; and a high resistance layer at least partially
between the first conductive line and the second conductive 40
line, a resistivity of the second conductive line 1s lower than
a resistivity of the first conductive line, and a resistivity of
the high resistance layer 1s higher than the resistivity of the
first conductive line and higher than the resistivity of the
second conductive line. 45

The embodiments may be realized by providing a mag-
netic memory device including a lower electrode on a
substrate; a conductive line on the lower electrode; and a
magnetic tunnel junction pattern on the conductive line,
wherein the conductive line includes a first conductive line 50
adjacent to the magnetic tunnel junction pattern; and a
second conductive line between the lower electrode and the
first conductive line, the first conductive line includes a
topological insulator, and a resistivity of the second con-
ductive line 1s smaller than a resistivity of the first conduc- 55
tive line.

The embodiments may be realized by providing a mag-
netic memory device including a conductive line on a
substrate; and a magnetic tunnel junction pattern on the
conductive line, wherein the conductive line includes a first 60
conductive line adjacent to the magnetic tunnel junction
pattern; and a second conductive line spaced apart from the
magnetic tunnel junction pattern with the first conductive
line therebetween, the first conductive line 1s configured to
exert a spin-orbit torque on the magnetic tunnel junction 65
pattern, and a resistivity of the second conductive line 1s
lower than a resistivity of the first conductive line.

2
BRIEF DESCRIPTION OF THE DRAWINGS

Features will be apparent to those of skill in the art by
describing in detail exemplary embodiments with reference
to the attached drawings 1n which:

FIG. 1 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 2 1s a sectional view taken along a line I-I' of FIG.

1

FIGS. 3A and 3B are conceptual diagrams of writing and
reading operations ol the magnetic memory device of FIG.

2.

FIGS. 4 and 5 are sectional views taken along the line I-I
of FIG. 1 of stages 1n a method of fabricating a magnetic
memory device, according to an embodiment.

FIG. 6 1s a sectional view taken along the line I-I' of FIG.
1 of a magnetic memory device according to an embodi-
ment.

FIG. 7 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 8 1s a sectional view taken along a line I-I' of FIG.

7.

FIG. 9 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 10 1s a sectional view taken along a line I-I' of FIG.
9.

FIG. 11 1s a sectional view taken along the line I-I' of FIG.
9 of a stage 1n a method of fabricating a magnetic memory
device, according to an embodiment.

FIG. 12 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 13 1s a sectional view taken along a line I-I' of FIG.
12.

FIGS. 14 and 15 are sectional views taken along the line
I-I' of FIG. 12 of stages 1n a method of fabricating a
magnetic memory device, according to an embodiment.

FIG. 16 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 17 1s a sectional view taken along a line I-I' of FIG.
16.

FIG. 18 1s a plan view of a magnetic memory device
according to an embodiment.

FIG. 19 1s a sectional view taken along a line I-I' of FIG.
18.

DETAILED DESCRIPTION

FIG. 1 1s a plan view of a magnetic memory device
according to an embodiment, and FIG. 2 1s a sectional view
taken along a line I-I' of FIG. 1.

Referring to FIGS. 1 and 2, a lower electrode 110 may be
on a substrate 100. The substrate 100 may include a semi-
conductor substrate. In an implementation, the substrate 100
may further include a conductive layer or an insulating layer
on the semiconductor substrate. The semiconductor sub-
strate may be formed of or include, e.g., silicon (S1), silicon
germanium (S1Ge), germanium (Ge), or gallium arsenide
(GaAs), or may include a silicon-on-insulator (SOI) wafer.
The lower electrode 110 may be formed of or include, e.g.,
doped semiconductor materials (e.g., doped silicon), metal-
lic materials (e.g., tungsten, titanium, or tantalum), metal-
semiconductor compounds (e.g., metal silicide), or conduc-
tive metal mitrides (e.g., titantum mtride, tantalum nitride, or
tungsten nitride). As used herein, the term “or” 1s not an
exclusive term, e.g., “A or B” would include A, B, or A and

B.
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A selection element SW may be 1n the substrate 100. The
selection element SW may be, e¢.g., a field eflect transistor.
The lower electrode 110 may be electrically connected to
one terminal of the selection element SW.

A lower interlayer insulating layer 120 may be on the
substrate 100 to cover a side surface of the lower electrode
110. The lower nterlayer insulating layer 120 may expose a
top surface of the lower electrode 110, and the top surface
of the lower electrode 110 may be substantially coplanar
with a top surface of the lower interlayer insulating layer
120. The lower interlayer insulating layer 120 may be
formed of or include, e.g., an oxide, a nitride, or an oxyni-
tride.

A conductive line 130 may be on the lower electrode 110.
The conductive line 130 may be electrically connected to the
lower electrode 110 and may be 1n contact with the top
surtace of the lower electrode 110. The conductive line 130
may extend onto the lower interlayer insulating layer 120 in
a first direction D1, which 1s parallel to a top surface 100U
ol the substrate 100.

The conductive line 130 may include a first conductive
line 132 on the lower electrode 110, a second conductive line
134 between the lower electrode 110 and the first conductive
line 132, and a high resistance layer 136 between the first
conductive line 132 and the second conductive line 134. The
second conductive line 134 may be in contact with the top
surface of the lower electrode 110. A resistivity of the second
conductive line 134 may be lower than that of the first
conductive line 132, and the resistivity of the high resistance
layer 136 may be higher than that of each of the first
conductive line 132 and the second conductive line 134.

In an implementation, the first conductive line 132 may be
formed of or include, e.g., a material whose resistivity
ranges from about 0.001 £2cm to about 0.05 Qcm. In an
implementation, the first conductive line 132 may be formed
of or include, e.g., a topological insulator containing Bi, Se,
or Sb. In an implementation, the first conductive line 132
may be formed of or include, e.g., BiSe or BiSb. In an
implementation, the second conductive line 134 may be
formed of or include a material whose resistivity ranges
from about 1 u2cm to about 10 u€2cm. In an 1mplementa-
tion, the second conductive line 134 may be formed of or
include, e.g., a metal or a metal alloy whose resistivity 1s
lower than the first conductive line 132. In an implementa-
tion, the second conductive line 134 may be formed of or
include, e.g., Al, Ir, Ru, Pt, Ta, or Hi. In an implementation,
the high resistance layer 136 may be formed of or include,
¢.g., a material whose resistivity ranges from about 0.01
(2cm to about 1 2cm. In an implementation, the high
resistance layer 136 may be formed of or include, e.g., an
oxide. In an implementation, the high resistance layer 136
may be formed of or include a metal oxide, e.g., MgQO, T10,
RuO, or AlO.

Each of the first and second conductive lines 132 and 134
may extend (e.g., lengthwise) onto the lower interlayer
insulating layer 120 i the first direction D1. The high
resistance layer 136 may be between the first and second
conductive lines 132 and 134 and may also extend 1n the first
direction D1. Each of the first conductive line 132, the
second conductive line 134, and the high resistance layer
136 may have a length in the first direction D1. In an
implementation, a length 136L of the high resistance layer
136 may be smaller than a length 132L of the first conduc-
tive line 132 and smaller than a length 134L of the second
conductive line 134. In an implementation, a portion of the
first conductive line 132 may be in direct contact with a
portion of the second conductive line 134. The high resis-
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tance layer 136 may be between another portion of the first
conductive line 132 and another portion of the second
conductive line 134.

Each of the first conductive line 132, the second conduc-
tive line 134, and the high resistance layer 136 may have a
thickness 1n a second direction D2 perpendicular to the top
surface 100U of the substrate 100. In an implementation, a
thickness 1361 of the high resistance layer 136 may be
smaller than a thickness 13271 of the first conductive line 132
and smaller than a thickness 134T of the second conductive
line 134. The thickness 134T of the second conductive line
134 may be smaller than or equal to the thickness 13271 of
the first conductive line 132. In an implementation, the
thickness 132T of the first conductive line 132 may range
from 1 nm to 10 nm. The thickness 134T of the second
conductive line 134 may range from 1 nm to 10 nm and may
be smaller than or equal to the thickness 132T of the first
conductive line 132. The thickness 1361 of the high resis-
tance layer 136 may range from 0.1 nm to 1 nm and may be
smaller than the thickness 132T of the first conductive line
132 and smaller than the thickness 134T of the second
conductive line 134.

A magnetic tunnel junction pattern MTJ may be on the
conductive line 130, and an upper electrode 140 may be on
the magnetic tunnel junction pattern MTJ. The magnetic
tunnel junction pattern MTJ may be between the conductive
line 130 and the upper electrode 140. The magnetic tunnel
junction pattern MTJ and the upper electrode 140 may be
overlapped or aligned with each other vertically (e.g., in the
second direction D2).

The first conductive line 132 may be adjacent or proxi-
mate to the magnetic tunnel junction pattern MTJ, and the
second conductive line 134 may be spaced apart from or
distal to the magnetic tunnel junction pattern MTJ, e.g., with
the first conductive line 132 therebetween. The high resis-
tance layer 136 may be between the first and second con-
ductive lines 132 and 134, and at least a portion of the high
resistance layer 136 may be overlapped with the magnetic
tunnel junction pattern MTJ vertically (e.g., in the second
direction D2). In an implementation, the high resistance
layer 136 may be overlapped with an entire region of an
interface INF between the magnetic tunnel junction pattern
MTJ and the first conductive line 132 vertically (e.g., in the
second direction D2). In an implementation, the magnetic
tunnel junction pattern M'TJ may have a diameter MTJ_D 1n
the first direction D1, and a length 136L of the high
resistance layer 136 in the first direction D1 may be 1.0 to
1.5 times a diameter MTJ_D of the magnetic tunnel junction
pattern M'TJ 1n the first direction D1.

In an implementation, the magnetic tunnel junction pat-
tern M'TJ and the upper electrode 140 may be oflset (e.g.,
laterally offset) from the lower electrode 110 1n the first
direction D1. In an implementation, a distance (hereinafter,
an oilset distance dc) between a center of the lower electrode
110 and a center of the upper electrode 140 may be larger
than O nm and may be smaller than 500 nm. The high
resistance layer 136 may be oflset from the lower electrode
110 1n the first direction D1 and may be locally disposed
below the magnetic tunnel junction pattern MT1.

The magnetic tunnel junction pattern MTJ may include a
reference magnetic pattern PL, a free magnetic pattern FL,
and a tunnel barrier pattern TBR therebetween. In an imple-
mentation, the free magnetic pattern FLL may be between the
conductive line 130 and the tunnel barrier pattern TBR, and
the reference magnetic pattern PL may be spaced apart from
the free magnetic pattern FLL with the tunnel barrier pattern
TBR therebetween. In an implementation, the conductive
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line 130 may be closer to the free magnetic pattern FL than
it 1s to the reference magnetic pattern PL. In an implemen-
tation, the reference magnetic pattern PL may be between
the conductive line 130 and the tunnel barrier pattern TBR,
and the free magnetic pattern FLL may be spaced apart from
the reference magnetic pattern PL with the tunnel barrier
pattern TBR therebetween. In an implementation, the con-
ductive line 130 may be closer to the reference magnetic
pattern PL than it 1s to the free magnetic pattern FL. The
tunnel barrier pattern TBR may be formed of or include, e.g.,
magnesium oxide, titanium oxide, aluminum oxide, magne-
sium zinc oxide, or magnesium boron oxide. Each of the
reference and free magnetic patterns PL and FLL may include
at least one magnetic layer.

The reference magnetic pattern PL may include a refer-
ence layer having a magnetization direction MDp that 1s
fixed to a specific direction. The free magnetic pattern FL
may include a free layer having a magnetization direction
MDD that can be changed to be parallel or antiparallel to the
magnetization direction MDp of the reference magnetic
pattern PL. The magnetization directions MDp and MDT of
the reference and free magnetic patterns PL and FLL may be
substantially perpendicular to an interface between the tun-
nel barrier pattern TBR and the free magnetic pattern FL.

Each of the reference and free magnetic patterns PL. and
FL. may be formed of or include an intrinsic perpendicular
magnetic material or an extrinsic perpendicular magnetic
maternal. The intrinsic perpendicular magnetic material may
include a material exhibiting a perpendicular magnetization
property, even when there 1s no external cause. The intrinsic
perpendicular magnetic material may include, e.g., 1) per-
pendicular magnetic materials (e.g., CoFeTb, CoFeGd, or
CoFeDy), 11) perpendicular magnetic materials with L1,
structure, 111) CoPt materials with hexagonal-close-packed
structure, or 1v) perpendicular magnetic structures. The
perpendicular magnetic material with the L1, structure may
include, e.g., L1, FePt, L1, FePd, L1, CoPd, or L1, CoPt.
The perpendicular magnetic structures may include mag-
netic layers and non-magnetic layers that are alternatingly
and repeatedly stacked. In an implementation, the perpen-
dicular magnetic structure may include, e.g., (Co/Pt)n,
(CoFe/Pt)n, (CoFe/Pd)n, (Co/Pd)n, (Co/Ni)n, (CoNi/Pt)n,
(CoCr/Pt)n, or (CoCr/Pd)n, where “n” 1s a natural number
equal to or greater than 2. The extrinsic perpendicular
magnetic material may include a maternial, which exhibits an
intrinsic in-plane magnetization property when there 1s no
external cause but exhibits a perpendicular magnetization
property by an external cause. In an implementation, a
magnetic anisotropy, which results from interfacial charac-
teristics between the reference or free magnetic pattern PL
or FL and the tunnel barrier pattern TBR, may be used to
induce the perpendicular magnetization property of the
extrinsic perpendicular magnetic material. The extrinsic
perpendicular magnetic material may be formed of or
include, e.g., CoFeB. Each of the reference and free mag-
netic patterns PL and FLL may be formed of or include, e.g.,
a Co Heusler alloys.

The upper electrode 140 may be formed of or include a
metallic material (e.g., tungsten, titanium, or tantalum) or a
conductive metal nitride (e.g., titanium nitride, tantalum
nitride, or tungsten nitride).

The first conductive line 132 may be configured to exert
a spin-orbit torque on the magnetic tunnel junction pattern
MTJ. In an implementation, in the case where the first
conductive line 132 includes a topological insulator, a
current I may flow through a surface of the first conductive
line 132; e.g., the current I may tlow along a path adjacent
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to the interface INF between the first conductive line 132
and the magnetic tunnel junction pattern MTJ. The flow of
the current I may be parallel to the interface INF between the
first conductive line 132 and the magnetic tunnel junction
pattern MTIJ. In this case, a spin current caused by a spin
Hall effect (e.g., a quantum spin Hall effect) may flow 1n a
direction perpendicular to the interface INF, and 1n this case,
the spin-orbit torque may be exerted on the magnetic tunnel
junction pattern MTJ. The magnetization direction MD{ of
the free magnetic pattern FLL may be switched by the
spin-orbit torque.

To help reduce a critical current density (Jc) for the
switching of the magnetization direction MD1 of the free
magnetic pattern FL, a material with a large spin Hall angle
(0 ;) Tor the first conductive line 132 may be used. The spin
Hall angle (0.,,) may be defined as an amount of a produced
spin current over a current density applied to an object. A
material with a large spin Hall angle, e.g., the topological
insulator, may have relatively high resistivity. In the case
where the first conductive line 132 1s formed of a large spin
Hall angle matenial, e.g., the topological insulator, 1t is
possible to reduce a critical current density (J¢) for the
switching of the free magnetic pattern FL, but the resistivity
of the first conductive line 132 may be increased. In this
case, a tunnel magnetoresistance (IMR) property of the
magnetic tunnel junction pattern MTJ could be deteriorated.

In an implementation, the conductive line 130 may
include the first and second conductive lines 132 and 134.
The first conductive line 132 may be formed of or include a
large spin Hall angle material, e¢.g. the topological insulator,
and a critical current density (Jc) for the switching of the free
magnetic pattern FLL may be lowered. The second conduc-
tive line 134 may be formed of or include a material whose
resistivity 1s smaller than the first conductive line 132.
Accordingly, a total resistivity of the conductive line 130
may be reduced, and in this case, the TMR property of the
magnetic tunnel junction pattern MTJ may be improved.

In an implementation, the conductive line 130 may further
include the high resistance layer 136 between the first
conductive line 132 and the second conductive line 134. The
high resistance layer 136 may be configured to help increase
an in-plane current flowing through the first conductive line
132. In this case, it may be possible to increase an amount
of the current I (1.e., an in-plane current) flowing through the
interface INF between the magnetic tunnel junction pattern
MTIJ and the first conductive line 132 and moreover to
increase a magnitude of a spin-orbit torque exerted on the
magnetic tunnel junction pattern MTJ. As a result, the
switching operation of the magnetic tunnel junction pattern
MTJ may be easily performed.

Accordingly, 1t may be possible to provide a spin-orbait-
torque-based magnetic memory device with improved
switching and tunnel-magnetoresistance properties.

An upper 1nterlayer nsulating layer 150 may cover not
only the conductive line 130 but also side surfaces of the
magnetic tunnel junction pattern MTJ and the upper elec-
trode 140. The upper interlayer insulating layer 150 may be
formed of or include, e.g., an oxide, a mitride, or an oxyni-
tride. Upper interconnection lines may be on the upper
interlayer insulating layer 150. The upper electrode 140 may
be electrically connected to a corresponding one of the upper
interconnection lines.

In an implementation, an interconnection structure may
be between the substrate 100 and the lower electrode 110.
The interconnection structure may include a plurality of
interconnection lines, which are stacked on the substrate 100
in the second direction D2, and interconnection contacts
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between the interconnection lines. In this case, the lower
clectrode 110 may be electrically connected to a terminal of
the selection element SW through a corresponding one of the
interconnection lines and a corresponding one of the inter-
connection contacts. In an implementation, the lower elec-
trode 110 may be directly connected to a terminal of the
selection element SW.

FIGS. 3A and 3B are conceptual diagrams of writing and
reading operations on the magnetic memory device of FIG.
2.

Referring to FI1G. 3A, a write voltage Vsw may be applied
between the lower electrode 110 and the upper electrode
140, and a write current Isw may flow through the magnetic
tunnel junction pattern MTJ and the conductive line 130.
The write current Isw may flow along a path that 1s formed
adjacent to and parallel to the interface INF between the first
conductive line 132 and the magnetic tunnel junction pattern
MTIJ. In this case, a spin current caused by a spin Hall effect
(e.g., a quantum spin Hall effect) may flow in a direction
perpendicular to the interface INF, and in this case, a
spin-orbit torque may be exerted on the magnetic tunnel
junction pattern MTJ. The magnetization direction MD{ of
the free magnetic pattern FLL may be switched to be parallel
or antiparallel to the magnetization direction MDp of the
reference magnetic pattern PL, by the spin-orbit torque
produced by the write current Isw.

Referring to FIG. 3B, a read voltage Vread may be applied
between the lower electrode 110 and the upper electrode
140, and a read current Iread may flow through the magnetic
tunnel junction pattern MTJ and the conductive line 130.
The read voltage Vread may be smaller than the write
voltage Vsw. The read current Iread may pass through the
magnetic tunnel junction pattern MT1J 1n a direction perpen-
dicular to the interface INF between the first conductive line
132 and the magnetic tunnel junction pattern M.

A resistance state of the magnetic tunnel junction pattern
MTJ may be determined by sensing the read current Iread.
In an implementation, the read current Iread may be used to
determine whether the magnetic tunnel junction pattern MTJ
1s 1n a high resistance state or 1n a low resistance state. In an
implementation, in the case where the magnetization direc-
tion MDT of the free magnetic pattern FL 1s parallel to the
magnetization direction MDp of the reference magnetic
pattern PL, the magnetic tunnel junction pattern MTJ may be
in the low resistance state. In the case where the magneti-
zation direction MDT1 of the free magnetic pattern FL 1s
antiparallel to the magnetization direction MDp of the
reference magnetic pattern PL, the magnetic tunnel junction
pattern MTJ may be 1n the high resistance state. Such two
resistance states of the magnetic tunnel junction pattern MTJ
may be used as a binary data set of O and 1 to be stored in
the magnetic tunnel junction pattern MTJ.

FIGS. 4 and 5 are sectional views taken along the line of
FIG. 1 of stages in a method of fabricating a magnetic
memory device, according to an embodiment. For the sake
of brevity, features, which are different from the magnetic
memory device of FIGS. 1, 2, 3A, and 3B, may be mainly
described below.

Referring to FIGS. 1 and 4, a lower interlayer insulating
layer 120 may be formed on a substrate 100, and a lower
clectrode 110 may be formed 1n the lower mterlayer insu-
lating layer 120. The substrate 100 may include a selection
clement SW. The lower electrode 110 may be connected the
terminal of the selection element SW through the lower
interlayer insulating layer 120. In an implementation, the
formation of the lower electrode 110 may include forming a
lower electrode hole 1n the lower interlayer 1nsulating layer
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120, forming a conductive layer on the lower terlayer
insulating layer 120 to fill the lower electrode hole, and
planarizing the conductive layer to expose a top surface of
the lower interlayer insulating layer 120. As a result of the
planarization process, the lower electrode 110 may have a
top surface that 1s substantially coplanar with the top surface
of the lower interlayer insulating layer 120.

A second conductive line 134 and a high resistance layer
136 may be sequentially formed on the lower interlayer
insulating layer 120. In an implementation, the formation of
the second conductive line 134 and the high resistance layer
136 may include sequentially depositing a second conduc-
tive layer and an intermediate layer on the lower electrode
110 and the lower interlayer insulating layer 120 and then
patterning the second conductive layer and the intermediate
layer. The second conductive layer and the intermediate
layer may be formed by a chemical vapor deposition process
or a physical vapor deposition process (e.g., a sputtering
deposition process). The second conductive line 134 and the
high resistance layer 136 may be respectively formed by the
patterning of the second conductive layer and the interme-
diate layer. The patterning process may be performed to
form each of the second conductive line 134 and the high
resistance layer 136 1n a line shape extending (e.g., length-
wise) 1n the first direction D1. In an embodiment, a length
136L of the high resistance layer 136 in the first direction D1
may be smaller than a length 134L of the second conductive
line 134 1n the first direction D1, and a thickness 13671 of the
high resistance layer 136 may be smaller than a thickness
134T of the second conductive line 134.

Referring to FIGS. 1 and 3, a first conductive line 132
may be formed on the second conductive line 134 and the
high resistance layer 136. In an implementation, the forma-
tion of the first conductive line 132 may include depositing
a first conductive layer on the substrate 100 (provided with
the second conductive line 134 and the high resistance layer
136) and patterning the first conductive layer. The first
conductive layer may be formed by, e.g., a sputtering
deposition process or the like. The patterning process may
be performed to form the first conductive line 132 1n a line
shape extending (e.g., lengthwise) 1n the first direction D1.
In an implementation, a length 132L of the first conductive
line 132 1n the first direction D1 may be larger than a length
1361 of the high resistance layer 136 1n the first direction
D1. Thus, a portion of the first conductive line 132 may be
in direct contact with a portion of the second conductive line
134. A thickness 1327 of the first conductive line 132 may
be larger than a thickness 136T of the high resistance layer
136 and may be larger than or equal to a thickness 134T of
the second conductive line 134.

The first conductive line 132, the second conductive line
134, and the high resistance layer 136 may constitute a
conductive line 130. In an implementation, an additional
interlayer insulating layer may be formed on the lower
interlayer mnsulating layer 120 to cover a side surface of the
conductive line 130.

A magnetic tunnel junction pattern MTJ and an upper
clectrode 140 may be formed on the conductive line 130.
The magnetic tunnel junction pattern MTJ may include a
reference magnetic pattern PL, a free magnetic pattern FL,
and a tunnel barrier pattern TBR therebetween. In an imple-
mentation, the formation of the magnetic tunnel junction
pattern MTJ and the upper electrode 140 may include
forming a magnetic tunnel junction layer on the substrate
100 (provided with the conductive line 130), forming a
conductive mask pattern MP on the magnetic tunnel junction
layer, and etching the magnetic tunnel junction layer using
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the conductive mask pattern MP as an etch mask. The
conductive mask pattern MP may define a shape and a
position of a region, in which the magnetic tunnel junction
pattern MTJ will be formed. The magnetic tunnel junction
layer may include a free magnetic layer, a tunnel barrier
layer, and a reference magnetic layer, which are sequentially
stacked on the substrate 100 (provided with the conductive
line 130). The magnetic tunnel junction layer may be formed
by, e.g., a sputtering deposition process or the like. The free
magnetic pattern FL, the tunnel barrier pattern TBR, and the
reference magnetic pattern PL may be formed by the etching,
of the free magnetic layer, the tunnel barrier layer, and the
reference magnetic layer, respectively. After the formation
of the magnetic tunnel junction pattern MTJ, a portion of the
conductive mask pattern MP may be left on the magnetic
tunnel junction pattern MTJ and may be used as the upper
clectrode 140.

Referring back to FIGS. 1 and 2, an upper interlayer
isulating layer 150 may be formed on the conductive line
130 to cover side surfaces of the magnetic tunnel junction
pattern MTJ and the upper electrode 140. In an implemen-
tation, upper interconnection lines may be formed on the
upper interlayer msulating layer 150. The upper electrode
140 may be electrically connected to a corresponding one of
the upper mterconnection lines.

FIG. 6 1s a sectional view taken along the line I-I' of FIG.
1 of a magnetic memory device according to an embodi-
ment. For the sake of brevity, features, which are different
from the magnetic memory device of FIGS. 1, 2, 3A, and
3B, may be mainly described below.

Referring to FIGS. 1 and 6, the first conductive line 132,
the second conductive line 134, and the high resistance layer
136 may be on the lower electrode 110 and may extend onto
the lower interlayer insulating layer 120 1n the first direction
D1. In an implementation, a length 136L of the high
resistance layer 136 (e.g., 1n the first direction D1) may be
substantially equal to a length 132L of the first conductive
line 132 and a length 134L of the second conductive line 134
(e.g., 1 the first direction D1). The first conductive line 132
may be spaced apart from the second conductive line 134
with the high resistance layer 136 therebetween.

In an implementation, the magnetic tunnel junction pat-
tern MTJ and the upper electrode 140 may be oflset (e.g.,
laterally offset) from the lower electrode 110 1n the first
direction D1. A portion of the high resistance layer 136 may
overlap with the magnetic tunnel junction pattern MTJ and
the upper electrode 140 vertically (i.e., in the second direc-
tion D2), and another portion of the high resistance layer 136
may overlap with the lower electrode 110 vertically (1.e., in
the second direction D2).

A method of fabricating a magnetic memory device
according to the present embodiment may be substantially
the same as the method described with reference to FIGS. 1,
2. 4, and 5, except that the high resistance layer 136 may be
formed to have substantially the same length as the first and
second conductive lines 132 and 134.

FIG. 7 1s a plan view ol a magnetic memory device
according to an embodiment, and FIG. 8 1s a sectional view
taken along a line of FIG. 7. For the sake of brevity, features,
which are different from the magnetic memory device of
FIGS. 1, 2, 3A, and 3B, will be mainly described below.

Referring to FIGS. 7 and 8, the lower electrode 110 may
be aligned to the magnetic tunnel junction pattern MTJ and
the upper electrode 140 vertically (i.e., in the second direc-
tion D2). In an implementation, a center of the lower
clectrode 110 may be aligned to a center of the upper
clectrode 140 vertically (1.e., 1n the second direction D2).
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The high resistance layer 136 may be between the lower
clectrode 110 and the magnetic tunnel junction pattern MTJ
and may overlap with the lower electrode 110, the magnetic
tunnel junction pattern MTJ, and the upper electrode 140
vertically (1.e., 1 the second direction D2).

A method of fabricating a magnetic memory device
according to the present embodiment may be substantially
the same as the method described with retference to FIGS. 1,
2, 4, and 5, except for the afore-described difference 1n
position of the lower electrode 110.

FIG. 9 1s a plan view of a magnetic memory device
according to an embodiment, and FIG. 10 1s a sectional view
taken along a line I-I' of FIG. 9. For the sake of brevity,
features, which are different from the magnetic memory
device of FIGS. 1, 2, 3A, and 3B, may be mainly described
below.

Referring to FIGS. 9 and 10, an upper conductive line 160
may be on the conductive line 130 and may be horizontally
(e.g., laterally) spaced apart from the magnetic tunnel junc-
tion pattern M'TJ. In an implementation, the magnetic tunnel
junction pattern MTJ and the upper electrode 140 may be
spaced apart from the upper conductive line 160 1n the first
direction D1. The upper conductive line 160 may be con-
nected to the first conductive line 132. In an implementation,
a distance 1604 between the upper conductive line 160 and
the magnetic tunnel junction pattern MTJ (in the first
direction D1) may range from 1 nm to 35 nm.

Resistivity of the upper conductive line 160 may be lower
than that of the first conductive line 132. The upper con-
ductive line 160 may be formed of or include a metal or a
metal alloy whose resistivity 1s lower than the first conduc-
tive line 132. In an implementation, the upper conductive
line 160 may be formed of or include, e.g., Al, Ir, Ru, Pt, Ta,
or HI.

According to the present embodiments, the upper con-
ductive line 160 may be on the first conductive line 132, and
an in-plane current flowing through the first conductive line
132 may be increased. In an implementation, a current I (1.e.,
an 1n-plane current) passing through an interface INF
between the magnetic tunnel junction pattern MTJ and the
first conductive line 132 may be increased, and in this case,
a magnitude of a spin-orbit torque exerted on the magnetic
tunnel junction pattern MTJ may be increased. As a result,
the switching operation of the magnetic tunnel junction
pattern M'TJ may be easily performed.

FIG. 11 1s a sectional view taken along the line I-I' of FIG.
9 of a stage 1n a method of fabricating a magnetic memory
device, according to an embodiment. For the sake of brevity,
features, which are different from the method described with
reference to FIGS. 1, 2, 4, and 5, may be mainly described
below.

Referring to FIGS. 9 and 11, an upper conductive line 160
may be formed on the conductive line 130 to be horizontally
spaced apart from the magnetic tunnel junction pattern MT1.
In an implementation, the formation of the upper conductive
line 160 may include forming a mask layer on the conduc-
tive line 130 to cover the magnetic tunnel junction pattern
MTI, depositing an upper conductive layer on the conduc-
tive line 130, and patterning the upper conductive layer. The
upper conductive line 160 may be formed by the patterming
of the upper conductive layer, and the mask layer may be
removed alter the formation of the upper conductive line
160.

The upper conductive line 160 may be formed to be
connected to or in contact with the first conductive line 132.
The fabricating method according to the present embodi-
ment may be substantially the same as the method described
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with reference to FIGS. 1, 2, 4, and 5, except that the upper
conductive line 160 may be formed on the conductive line

130.

FIG. 12 1s a plan view of a magnetic memory device
according to an embodiment, and FIG. 13 1s a sectional view >
taken along a line I-I' of FIG. 12. For the sake of brevity,

features, which are different from the magnetic memory
device of FIGS. 1, 2, 3A, and 3B, may be mainly described
below.

Referring to FIGS. 12 and 13, the conductive line 130

may include the first and second conductive lines 132 and
134, and the high resistance layer 136 may be omitted.

Each of the first and second conductive lines 132 and 134
may extend onto the lower interlayer insulating layer 120 in
the first direction D1. Each of the first and second conduc-
tive lines 132 and 134 may have a length 1n the first direction
D1. In an implementation, a length 1341 of the second
conductive line 134 may be smaller than a length 132L of the
first conductive line 132. In this case, a bottom surface of the »>g
first conductive line 132 and a side surface of the second
conductive line 134 may be 1n direct contact with the lower
interlayer isulating layer 120.

At least a portion of the magnetic tunnel junction pattern
MTJ may not overlap with the second conductive line 134 25
vertically (i.e., 1n the second direction D2). In an implemen-
tation, the magnetic tunnel junction pattern MTJ may be
oflset (e.g., laterally oflset) from the second conductive line

34 1n the first direction D1 and may not overlap with the
second conductive line 134 vertically (i.e., 1n the second 30
direction D2). In an implementation, the second conductive
line 134 may not overlap with the entire region (e.g., may
not overlap any part) of an interface INF between the
magnetic tunnel junction pattern M'TJ and the first conduc-
tive line 132 vertically (1.e., in the second direction D2). 35

A portion of the first conductive line 132 may further
extend 1n the first direction D1, compared with or beyond the
second conductive line 134, and may overlap with the
magnetic tunnel junction pattern M1 vertically (1.e., 1 the
second direction D2). In an implementation, a length 132PL 40
of the portion of the first conductive line 132 1n the first
direction D1 may be 1.0 to 1.5 times a diameter MTJ_D of
the magnetic tunnel junction pattern MT1J 1n the first direc-
tion D1.

According to the present embodiment, the conductive line 45
130 may include the second conductive line 134 having a
relatively small resistivity, and a total resistivity of the
conductive line 130 may be reduced. In this case, the TMR
property of the magnetic tunnel junction pattern MTJ may
be improved. In addition, at least a portion of the magnetic 50
tunnel junction pattern MTJ may not overlap with the
second conductive line 134 vertically (i.e., in the second
direction D2), and 1t may be possible to suppress an increase
of an out-of-plane component of a current in the first
conductive line 132 below the magnetic tunnel junction 55
pattern MTJ. In an implementation, it may be possible to
suppress a reduction of an 1in-plane current that flows
through the first conductive line 132 below the magnetic
tunnel junction pattern MTJ. Accordingly, the switching
operation on the magnetic tunnel junction pattern MTJ may 60
be more easily performed.

FIGS. 14 and 15 are sectional views taken along the line
I-I' of FIG. 12 of stages in a method of fabricating a
magnetic memory device, according to an embodiment. For
the sake of brevity, features, which are different from the 65
method described with reference to FIGS. 1, 2, 4, and 5, may
be mainly described below.
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Retferring to FIGS. 12 and 14, a first lower iterlayer
insulating layer 120a may be formed on a substrate 100, and
a lower electrode 110 may be formed 1n the first lower
interlayer insulating layer 120aq. The lower electrode 110
may be formed by substantially the same method as that for
the lower electrode 110 described with reference to FIGS. 1

and 4.

A second conductive line 134 may be formed on the lower
clectrode 110 and may extend onto the first lower interlayer
insulating layer 120aq 1n the first direction D1. In an imple-
mentation, the formation of the second conductive line 134
may include depositing a second conductive layer on the
lower electrode 110 and the first lower interlayer imnsulating
layer 120a and patterning the second conductive layer. The
patterning process may be performed to form the second
conductive line 134 1n a line shape extending in the first
direction D1.

Referring to FIGS. 12 and 15, a second lower interlayer
insulating layer 1200 may be formed on the first lower
interlayer msulating layer 120q to cover the second conduc-
tive line 134. In an implementation, the formation of the
second lower interlayer insulating layer 1205 may include
forming an insulating layer on the first lower interlayer
insulating layer 120a to cover the second conductive line
134 and planarizing the insulating layer to expose a top
surface of the second conductive line 134. The second lower
interlayer mnsulating layer 1205 may cover a side surface of
the second conductive line 134. As a result of the planar-
1zation process, the second lower interlayer isulating layer
1206 may have a top surface that 1s substantially coplanar
with a top surface of the second conductive line 134. The
first and second lower interlayer insulating layers 120a and
1206 may constitute a lower iterlayer insulating layer 120.

A first conductive line 132 may be formed on the second
conductive line 134 and may extend onto the lower inter-
layer insulating layer 120 (1.e., the second lower interlayer
isulating layer 1200) 1n the first direction D1. In an
implementation, the formation of the first conductive line
132 may include depositing a first conductive layer on the
substrate 100 (provided with the second conductive line
134) and patterning the first conductive layer. The patterning
process may be performed to form the first conductive line
132 1n a line shape extending in the first direction D1. In an
implementation, the first conductive line 132 may have a
length 132L that 1s larger than a length 134L of the second
conductive line 134, when measured in the first direction
D1.

Except for the afore-described difference, a method of
fabricating a magnetic memory device according to the
present embodiment may be substantially the same as the
method described with reference to FIGS. 1, 2, 4, and 5.

FIG. 16 1s a plan view of a magnetic memory device
according to an embodiment, and FIG. 17 1s a sectional view
taken along a line I-I' of FIG. 16.

Retferring to FIGS. 16 and 17, an upper conductive line
160 may be on the conductive line 130 and may be hori-
zontally (e.g., laterally) spaced apart from the magnetic
tunnel junction pattern MTJ. In an implementation, the
magnetic tunnel junction pattern MTJ and the upper elec-
trode 140 may be spaced apart from the upper conductive
line 160 1n the first direction D1. The upper conductive line
160 may be connected to the first conductive line 132. The
upper conductive line 160 may be substantially the same as
the upper conductive line 160 described with reference to
FIGS. 9 and 10. The magnetic memory device according to
the present embodiments may be substantially the same as
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that described with reference to FIGS. 12 and 13, except for
the afore-described diflerence.

FIG. 18 1s a plan view of a magnetic memory device
according to an embodiment, and FIG. 19 1s a sectional view
taken along a line I-I' of FIG. 18. For the sake of brevity,
features, which are different from the magnetic memory
device of FIGS. 1, 2, 3A, and 3B, may be mainly described
below.

Referring to FIGS. 18 and 19, the conductive line 130
may 1nclude the first conductive line 132. In an implemen-
tation, the second conductive line 134 and the high resis-
tance layer 136 may be omitted. The first conductive line
132 may be on the lower electrode 110 and may extend onto
the lower interlayer imnsulating layer 120 1n the first direction
D1.

The magnetic tunnel junction pattern MTJ may be on the
conductive line 130 (1.e., the first conductive line 132), and
the upper electrode 140 may be on the magnetic tunnel
junction pattern MTJ. An upper conductive line 160 may be
on the conductive line 130 (i.¢., the first conductive line 132)
and may be horizontally spaced apart from the magnetic
tunnel junction pattern MTJ. The magnetic tunnel junction
pattern MTJ and the upper electrode 140 may be spaced
apart from the upper conductive line 160 in the first direction
D1. The upper conductive line 160 may be connected to the
conductive line 130 (1.e., the first conductive line 132). The
upper conductive line 160 may be substantially the same as
the upper conductive line 160 described with reference to
FIGS. 9 and 10.

According to the present embodiment, the upper conduc-
tive line 160 may be on the conductive line 130 (1.¢., the first
conductive line 132), and an in-plane current flowing
through the conductive line 130 may be increased. In an
implementation, a current I (1.e., an in-plane current) tlowing
through an interface INF between the magnetic tunnel
junction pattern M'TJ and the conductive line 130 may be
increased, and 1n this case, a magnitude of a spin-orbit
torque exerted on the magnetic tunnel junction pattern MTJ
may be increased. As a result, the switching operation of the
magnetic tunnel junction pattern MTJ may be easily per-
formed.

According to an embodiment, a conductive line 130 may
be below a magnetic tunnel junction pattern MTJ, and the
conductive line 130 may include a first conductive line 132
and a second conductive line 134. The first conductive line
132 may be adjacent to the magnetic tunnel junction pattern
MTIJ, and the second conductive line 134 may be spaced
apart Ifrom the magnetic tunnel junction pattern MTJ with
the first conductive line 132 therebetween. The first conduc-
tive line 132 may be formed of or include a large spin Hall
angle matenal, e.g., a topological isulator, and 1n this case,
it may be possible to reduce a critical current density (Jc) for
the switching of the magnetic tunnel junction pattern M.
The second conductive line 134 may be formed of or include
a material whose resistivity 1s smaller than the first conduc-
tive line 132. Accordingly, a total resistivity of the conduc-
tive line 130 may be reduced, and 1n this case, the TMR
property of the magnetic tunnel junction pattern MTJ may
be 1mproved.

In an implementation, the conductive line 130 may further
include a high resistance layer 136 between the first con-
ductive line 132 and the second conductive line 134. The
high resistance layer 136 may help increase an amount of an
in-plane current flowing through an interface INF between
the magnetic tunnel junction pattern MTJ and the first
conductive line 132, and in this case, a magnitude of a
spin-orbit torque exerted on the magnetic tunnel junction
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pattern M1TJ may be increased. As a result, the switching
operation of the magnetic tunnel junction pattern MTJ may
be easily performed.

Accordingly, it may be possible to provide a spin-orbit-
torque-based magnetic memory device with improved
switching and tunnel-magnetoresistance properties.

According to an embodiment, a conductive line may be
below a magnetic tunnel junction pattern, and the conduc-
tive line may include a first conductive line and a second
conductive line. The first conductive line may be formed of
or include a material with a large spin Hall angle, and 1n this
case, 1t may be possible to reduce a critical current density
(Jc) for a switching operation on the magnetic tunnel junc-
tion pattern. The second conductive line may include a
material whose resistivity 1s lower than the first conductive
line. Thus, a total resistivity of the conductive line may be
decreased, and a tunnel magnetoresistance (TMR) property
of the magnetic tunnel junction pattern may be improved.

In an implementation, the conductive line may further
include a high resistance layer between the first conductive
line and the second conductive line. The high resistance
layer may help increase an amount of an in-plane current
flowing through an interface between the magnetic tunnel
junction pattern and the first conductive line, and 1n this
case, a switching property of the magnetic tunnel junction
pattern MTJ may be improved.

By way of summation and review, a magnetic memory
device may include a magnetic tunnel junction (MT1JT) pat-
tern. The MTJ pattern may include two magnetic layers and
an insulating layer therebetween. Resistance of the MTIJ
pattern may vary depending on magnetization directions of
the magnetic layers. For example, the resistance of the MTJ
pattern may be higher when magnetization directions of the
magnetic layers are anti-parallel to each other than when
they are parallel to each other. Such a difference 1n resistance
can be used for data storing/reading operations of the
magnetic memory device.

Providing the magnetic memory device with higher inte-
gration density and lower power consumption properties
may be considered.

One or more embodiments may provide a magnetic
memory device including a magnetic tunnel junction.

One or more embodiments may provide a spin-orbit-
torque-based magnetic memory device with 1mproved
switching and tunnel-magnetoresistance properties.

Example embodiments have been disclosed herein, and
although specific terms are employed, they are used and are
to be mterpreted 1n a generic and descriptive sense only and
not for purpose of limitation. In some instances, as would be
apparent to one of ordinary skill in the art as of the filing of
the present application, features, characteristics, and/or ele-
ments described 1n connection with a particular embodiment
may be used singly or in combination with features, char-
acteristics, and/or elements described in connection with
other embodiments unless otherwise specifically indicated.
Accordingly, 1t will be understood by those of skill 1n the art
that various changes in form and details may be made
without departing from the spirit and scope of the present
invention as set forth i the following claims.

What 1s claimed 1s:

1. A magnetic memory device, comprising:

a lower electrode on a substrate;

a conductive line on the lower electrode; and

a magnetic tunnel junction pattern on the conductive line,
wherein:

the conductive line includes:
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a first conductive line adjacent to the magnetic tunnel
junction pattern;

a second conductive line between the lower electrode
and the first conductive line; and

a high resistance layer at least partially between the first
conductive line and the second conductive line,

a resistivity of the second conductive line 1s lower than a
resistivity of the first conductive line,

a resistivity of the high resistance layer 1s higher than the
resistivity of the first conductive line and higher than
the resistivity of the second conductive line,

at least a portion of the high resistance layer 1s vertically
overlapped with the magnetic tunnel junction pattern,

each of the first conductive line, the second conductive

line, and the high resistance layer has a thickness 1n a
direction perpendicular to a top surface of the substrate,
and

the thickness of the high resistance layer 1s smaller than

the thickness of the first conductive line and smaller
than the thickness of the second conductive line.
2. The magnetic memory device as claimed 1n claim 1,
wherein the first conductive line includes a topological
insulator.
3. The magnetic memory device as claimed 1n claim 2,
wherein the second conductive line includes a metal or a
metal alloy having a resistivity that 1s lower than the
resistivity of the first conductive line.
4. The magnetic memory device as claimed 1n claim 3,
wherein the high resistance layer includes an oxide.
5. The magnetic memory device as claimed 1n claim 1,
wherein the thickness of the second conductive line 1s
smaller than or equal to the thickness of the first conductive
line.
6. The magnetic memory device as claimed in claim 1,
wherein:
each of the first conductive line, the second conductive
line, and the high resistance layer has a length 1n a
direction parallel to the top surface of the substrate, and

the length of the high resistance layer 1s smaller than the
length of the first conductive line and smaller than the
length of the second conductive line.

7. The magnetic memory device as claimed 1n claim 1,
turther comprising an upper conductive line on the conduc-
tive line and horizontally spaced apart from the magnetic
tunnel junction pattern,

wherein:

the conductive line extends in a first direction parallel to

the top surface of the substrate,

the magnetic tunnel junction pattern 1s spaced apart from

the upper conductive line in the first direction, and
the upper conductive line 1s connected to the first con-
ductive line.

8. A magnetic memory device, comprising:

a lower electrode on a substrate;

a conductive line on the lower electrode; and

a magnetic tunnel junction pattern on the conductive line,

wherein:

the conductive line includes:

a first conductive line adjacent to the magnetic tunnel
junction pattern; and

a second conductive line between the lower electrode
and the first conductive line,

the first conductive line includes a topological insulator,

a resistivity of the second conductive line 1s smaller than

a resistivity of the first conductive line,
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cach of the first conductive line and the second conductive
line extends 1n a first direction parallel to a top surface
of the substrate, and

a length of the second conductive line in the first direction

1s smaller than a length of the first conductive line in the
first direction.

9. The magnetic memory device as claimed in claim 8,
wherein the second conductive line includes a metal or a
metal alloy having a resistivity that 1s lower than the
resistivity of the first conductive line.

10. The magnetic memory device as claimed in claim 8,
wherein at least a portion of the magnetic tunnel junction

pattern 1s not vertically overlapped with the second conduc-
tive line.

11. The magnetic memory device as claimed 1n claim 10,
turther comprising an upper conductive line on the conduc-
tive line and horizontally spaced apart from the magnetic
tunnel junction pattern,

wherein:

the magnetic tunnel junction pattern 1s spaced apart from
the upper conductive line in the first direction, and

the upper conductive line 1s connected to the {first con-
ductive line.

12. A magnetic memory device, comprising:

a lower electrode on a substrate;

a conductive line on the lower electrode; and

a magnetic tunnel junction pattern on the conductive line,

wherein:

the conductive line includes:

a first conductive line adjacent to the magnetic tunnel
junction pattern;

a second conductive line between the lower electrode
and the first conductive line; and

a high resistance layer at least partially between the first
conductive line and the second conductive line,

the first conductive line 1s configured to exert a spin-orbit
torque on the magnetic tunnel junction pattern,

a resistivity of the high resistance layer 1s higher than a
resistivity of the first conductive line and higher than a
resistivity of the second conductive line,

at least a portion of the high resistance layer vertically
overlaps with the magnetic tunnel junction pattern,

each of the first conductive line, the second conductive
line, and the high resistance layer has a length 1 a
direction parallel to a top surface of the substrate, and

the length of the high resistance layer 1s smaller than the
length of the first conductive line and smaller than the
length of the second conductive line.

13. The magnetic memory device as claimed 1n claim 12,

wherein:

each of the first conductive line, the second conductive
line, and the high resistance layer has a thickness 1n a
direction perpendicular to a top surface of the substrate,
and

the thickness of the high resistance layer 1s smaller than
the thickness of the first conductive line and smaller
than the thickness of the second conductive line.

14. The magnetic memory device as claimed 1n claim 12,

wherein:

the resistivity of the second conductive line 1s lower than
the resistivity of the first conductive line.

15. The magnetic memory device as claimed 1n claim 14,
wherein the second conductive line includes a metal or a
metal alloy having a resistivity that 1s lower than the
resistivity of the first conductive line.
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